The nucleus accumbens (NAc) is a key part of the neural circuitry that creates reward, pleasure and motivation that facilitates human feeding, sexual and smoking behaviors. In the brain reward system, the NAc is a crucial component responsible for natural and drug-induced reinforcement behaviors. Yet it is unclear whether NAc is indispensible for all reward behaviors in human beings. The present study aimed to investigate the long-term effects of NAc ablation on sexual function, appetite, and nicotine dependence level in chronic heroin users. Eighteen former heroin-dependent patients (male) with bilateral NAc ablation via stereotactic radiofrequency surgery for alleviating drug psychological dependence were recruited. Their postoperative time ranged from 12 to 103 months. All subjects received MRI scans for assessing the accuracy of the lesion site. Evaluation of appetite, sexual function, and nicotine dependence were measured using the Simplified Nutrition Appetite Questionnaire, the Brief Sexual Function Inventory, and the Fagerström Test for Nicotine Dependence, respectively. After precluding the potential confounding variables, such as drug use (dosage and duration), post-operation duration, age, body-weight, marital status and education level, ANOVA with repeated measures revealed that the NAc ablation improved the patients' appetite, sexual drive and sexual satisfaction. Yet there was no change in male erectile function, ejaculatory function, or nicotine dependence levels compared to the preoperative. These may suggest that although NAc is a key part of the neural circuitry, the NAc surgical lesions left the fundamental aspects of natural and drug-induced reinforcement and motivation almost intact.
Introduction
In human and animal brains there exists a reward mechanism that serves to maintain and encourage the motivations and activities beneficial for survival and reproduction.
The neural substrate underlying the reward mechanism is mainly based on the mesocorticolimbic dopaminergic pathway that originates in the midbrain ventral tegmental area (VTA) with projections to the nucleus accumbens (NAc) and connections with other brain regions, including the amygdala, ventral pallidum, dorsal striatum, hippocampus and prefrontal cortex [1] . Ample evidence confirms that almost all drugs of abuse (heroin, cocaine, morphine, amphetamine) may dysregulate this system, inducing the development of addiction [2] [3] [4] [5] [6] . Further, natural reward and drug abuse share this neural circuitry to accomplish the reinforcement effects [7] [8] [9] [10] [11] . In this neural circuitry NAc plays an important role in reward/saliency, motivation/drive, memory/ conditioning [12] , so it is of great significance to explore the relationship between the NAc and specific human reward behaviors.
In this system, especially in the NAc, dopamine (DA) predominantly mediates the primary reinforcing characteristics of natural rewards (such as food and sex), in addition to those of drug abuse and addiction [13] . When a natural reinforcer or drug of abuse is consumed, extracellular DA concentration in the NAc is increased, which is associated with the feeling of "euphoria" [13] [14] [15] . When anticipating or actually consuming the reinforcer [13, 16, 17] or when activated to encode saliency of a given stimulant [17] [18] [19] [20] , the NAc can also release DA, facilitating the reward behaviors.
It is noteworthy that a natural reinforcer differs from drugs of abuse in reinforcing action. The primary difference lies in that the latter can modify the kinetics and amplitude of the dopamine release and form memories associated with drug consumption [21] . Such evidence shows that the NAc has a pivotal role in the reinforcing action of primary reinforcers and illicit drugs.
To investigate the functional role of NAc in human reward behaviors, scholars have employed multiple approaches, including neuroanatomical [22] , electrophysiological [23] , intracranial microinjection [24] and neuroimaging methods [25] . The intracranial microinjection can identify neural circuitry and explore the reward effects of multiple chemical
transmitters, but cannot directly analyze the neural transmission involved in humans [24] .
Functional neuroimaging is a powerful tool to reveal the brain regions associated with reward responses [25] , but it cannot determine which brain area is essential for reward behavior.
Studies of patients with NAc lesions are unique in enabling us to examine the specific NAc-behavior relationships [22] . To date, few studies have explored the effects of NAc lesions on reward behavior in humans. The most notable to mention are a case study [26] and two studies in which NAc lesions extensively involved adjacent brain structures [27, 28] .
The lack of literature on specific NAc lesions makes it difficult to do a clinical-pathological correlation analysis to human NAc lesions.
The objective of this study was to better understand the structure-function relationship of the NAc by identifying the relations between the NAc and specific reward behaviors in a group of patients who underwent bilateral NAc ablation by stereotactic surgery for alleviating opiate drug psychological dependence.
Specifically, we investigated the long-term in uence of bilateral NAc ablation on natural reward (appetite, sexual behavior) and drug reward (nicotine dependence) in these patients.
Materials and methods
The ethics statement and study population 
Experimental procedures
All participants were well informed about the 
Accuracy assessment of the ablation site
The accuracy of the ablation site was evaluated mainly based on the reconstructed images in a coronal view by two radiologists with more than 5 years clinical experience following instruction in defining the NAc anatomical border (www.cma.mgh.harvard.edu/manuals/ segmentation_may_2004.doc).
The procedure used to locate the NAc region is briefly described below. 
Assessment of appetite
The CNAQ is an 8-item single domain questionnaire to assess the appetite of adults. The e ect of ablating the NAc on male sexual function, appetite and smoking behavior Table 2 shows that the surgery improved appetite, after controlling for the years from the surgery to the current survey, age, weight, drug use (yes or no), drug use amount before the surgery (months mg/day), and marital status (married or divorced). The surgery had no effect on male sexual function and FTND scores.
Changes in male sexual function, nicotine dependence level and appetite before and after ablation of the NAc via stereotactic surgery Table 3 displays the mean BSFI scores for each domain of sexual function before and after the neurosurgery. There was no significant difference in the total score, erectile function, ejaculatory function, and problem perception between before and after the neurosurgery.
However, the postoperative sexual drive and sexual satisfaction were higher (p < 0.05).
The Wilcoxon signed-rank test showed no significant differences in nicotine dependence level between before and after the neurosurgery (Z = -0.702, p = 0.483).
When the preoperative appetite score served as the baseline, significant increases were observed in the appetite scores 3 months after neurosurgery and at the time of survey (t = -7.454, p = 0.000; t = -8.513, p = 0.000).
But there was no difference between the two scores 3 months after neurosurgery and at the time of the survey. Table 3 . Changes of sexual function, appetite score, weight and nicotine dependence level (n=18).
Note: a represents 3 months after the neurosurgery vs. before the neurosurgery; b represents the time of the survey vs. before the neurosurgery; * stands for statistical significance. Paired t-test was applied to compare sexual function, appetite score and body weight before and after the neurosurgery. Nicotine dependence level score was analyzed with the Wilcoxon signed-rank test.
Discussion
The exact role of the NAc in human reward behavior has received intense attention both empirically and theoretically [40] . The NAc is a crucial part of DA systems mediating male sexual behavior, including the nigrostriatal system and the mesolimbicmesocortical system [41, 42] . The former serves the sensory-motor coordination required for copulation, the latter plays a key role in sexual arousal (e.g. erection), motivation and possible reward [43] . However, on the topic of the importance of the NAc in mediating male sexual behavior there are some discrepancies in literature that document the sexual performance of the NAc-lesioned animals. It was reported that the bilateral NAclesioned male rats failed to have an erection and intromission, which provides functional evidence for the excitatory role of the NAc in regulating sexual arousal processes [22] .
Contrary to that, other studies suggested that after the depletion of NAc DA through local injection of a neurotoxic agent or cell body lesions, the male rats showed no more than minor impairment of copulatory behavior, such as a longer latency to achieve erection and intromission or fewer erections, but no changes in the number of intromissions [44] or copulation to ejaculation time [45] . In addition, earlier research also demonstrated that the NAc damage from radiofrequency, electrolytic and dopamine-depleting lesions had little effect on male sexual behaviors, including contact and noncontact sexual responsiveness [44, 46, 47] .
Inconsistent with the animal research, our data showed that the postoperative erectile function of the patients was unchanged. This may be associated with the detailed items used by this study to represent the separate aspects of sexual behavior. These items are not as specific as those in the animal experiments, so it is difficult to detect the possible changes. This may also be related to the sexual experience that our subjects had before the surgery because this kind of experience may protect against the disruptive effects of the NAc-lesion on sexual behavior [48, 49] . Previous studies, focusing on the effect of lesions in the medial pre-optic area (mPOA) on male copulatory behavior, failed to detect the copulatory deficits in the rats after destroying the mPOA cell body or depleting DA, and attributed the failure to a compensation mechanism because they detected a remarkable increase in DA receptor sensitivity or metabolism secondary to the lesion [50, 51] . We speculate that a similar compensation mechanism would occur in our patients, contributing to the unchanged erectile function. Certainly it needs further investigation.
Heroin may act on the neurotransmitter pathways in central nervous system, and long-term heroin use leads to the inhibition of gonadotropin-releasing hormone and further impairs all aspects of sexual function.
It has been confirmed that heroin abusers have serious sexual dysfunction, including decreased sexual drive, erectile dysfunction and delayed ejaculation [52] [53] [54] [55] [56] , and that heroin-induced sexual potency reduction is associated with directing blood flow away from the genitals. Further, it direcly correlates with the deteriorated physical and psychological status and living environment of heroin users [57] . Our data show that our subjects Although the data for body weight at 3 months after surgery was obtained from the patients' memory recall which may have questionable accuracy, we think the data is reliable because it was not only confirmed by the patients' families but also correlated directly with the change in appetite after surgery, meaning for a higher increase in appetite, we saw a proportionally higher increase in body weight.
Our analysis, after excluding the influences of potential confounding variables, suggests that the improved appetite is associated with the NAc ablation. NAc serves as an important moderator or "gate" between emotion, motivation and action in feeding behaviors [58, 59] . But the NAc is not the only brain region involved in the mediation of feeding behaviors.
Previous studies demonstrate that food reward is mediated by brain subsystems which are distributed anatomically but organized hierarchically [20, 60, 61] . In addition, multiple brain regions, other than the NAc, are involved [62] . Evidence proves that a single lesion or depletion of DA in NAc is not likely to abolish fundamental properties of food reward [63, 64] although it makes the animals with NAc DA depletion or antagonism less active and/or less likely to work for food [65] . Consistent with these studies, our results demonstrate that the NAc ablation did not suppress our subjects' appetite.
We think the improved appetite and weight gain in our subjects should be attributed [66] [67] [68] [69] [70] . This may be related to a compensatory mechanism, the neurosurgery-induced and complex neuroadaption or reallocation of behavior, which helps maintain brain homeostasis or an alternative acquisition for food [71] .
Although nicotine and heroin use share the same DA reward circuitry [72] [73] [74] , the postoperative heroin-dependent behavior and smoking behavior of our subjects appears to be inversely proportional. Fifteen of the 18 patients discontinued heroin use successfully. Conversely, only one patient abandoned smoking immediately after the surgery and maintained cigarette abstinence until this investigation. The remaining 17 took up smoking again within a short period (7 days) after surgery. Many subjects explained that they took up smoking again because they were bored and exposed to nicotineassociated environmental stimuli or cravinginducing cues. In China, smoking was a socially acceptable behavior but heroin use was illegal.
Our subjects had to face considerable pressure from society, family and law if they wanted to continue heroin use, but not if they want to continue smoking. Another reason for their rapid relapse into their smoking habits after surgery may be related to the compensatory mechanism of DA reward. This is similarly demonstrated in a study where ex-smokers use food as a compensatory mechanism of DA reward [75] . Here, we believe that instead of using food, these neurosurgically-induced abstinent heroin users substituted nicotine for heroin to stimulate the DA reward pathway.
We think that their rapid relapse to into their smoking habit is to some extent supportive of our hypothesis that the lesions in NAc leave the fundamental aspects of reward and motivation almost intact.
Our data show that the bilateral NAc ablation mainly influenced the heroin-dependent behavior of our subjects, making most of them (15 out of 18) abandon heroin use after the neurosurgery. But this neurosurgery did not a ect other reinforcing functions such as food intake, sexual behavior, or smoking.
We speculate that the subjective intention to abandon heroin use makes a decisive contribution to this outcome. All subjects had a strong willingness to stop heroin use; otherwise they would not have considered surgical therapy, a drastic measure in comparison to more conventional therapies.
Another contributing factor is that the NAc ablation destroyed the neuronal substrates of heroin psychological dependence and caused an abrupt dopaminergic imbalance in the mesolimbic circuitry [26] .
The hypodopaminergic state provided a neurophysiological opportunity to help patients ignore drugs or drug-related cues.
Previous studies suggest that the circuits mediating food and drug reward behaviors
are distinct yet overlapping [21] . We think the neuronal substrates underlying heroin addiction and natural reinforcement are not all exactly the same, which may be a reason for the rapid recovery of our subjects' appetite and sexual activity (as natural reinforcer) and smoking (as a socially acceptable behavior). 
